OBJECTIVE -We evaluated the associations of self-reported diabetes with serum ferritin concentration, transferrin saturation (TfSat), and HFE C282Y and H63D mutations in six racial/ ethnic groups recruited at five field centers in the Hemochromatosis and Iron Overload Screening (HEIRS) study.
M
ean serum ferritin concentrations in individuals with type 2 diabetes or glucose intolerance are significantly higher than serum ferritin concentrations in control subjects (1) . There are positive associations of serum ferritin concentration with fasting glucose and insulin concentrations, glucose intolerance, HbA 1c (A1C) levels, insulin resistance, metabolic syndrome, and BMI (1) (2) (3) (4) . The serum ferritin concentration has been reported to predict the occurrence of type 2 diabetes (5, 6) .
Diabetes is a complication of hemochromatosis in whites (7) . The prevalence of hemochromatosis or iron overload in persons with diabetes is equal to or greater than that in the general white population (7) . The prevalence of type 2 diabetes is the same or greater in blacks with primary iron overload than in whites with hemochromatosis (8) . Hemochromatosis is less prevalent in Hispanics than in nonHispanic whites, although the prevalence of self-reported diabetes is similar in hemochromatosis and iron overload patients in both racial/ethnic groups (9) . Missense mutations of the HFE gene are associated with susceptibility to iron overload (10) . The prevalence of common HFE mutations is greater in some (11) , but not all, diabetes cohorts (12) (13) (14) than in corresponding control groups.
The relationships of diabetes to serum ferritin concentration, transferrin saturation (TfSat), and HFE mutations in subjects stratified by age and in some racial/ ethnic groups are not well defined. Thus, we evaluated these variables in 97,470 Hemochromatosis and Iron Overload Screening (HEIRS) study participants representing six racial/ethnic groups (12, 15) who self-reported diabetes at their initial screening.
RESEARCH DESIGN AND METHODS -
The institutional review board of each field center approved the study protocol (15) . The HEIRS study recruited participants Ն25 years of age who gave informed consent. During the interval from February 2001 to February 2003, 103,118 participants were recruited from five field centers (12, 15) . Volunteers who reported that they participated because a family member also participated were excluded from the present analysis (12, 15) .
At initial screening, participants completed a questionnaire that included questions about their race/ethnicity and provided a blood specimen as previously described (15) . Participants who reported multiple or unknown race/ethnicity were not included. The present cohort consisted of participants for whom serum ferritin concentration, TfSat, and HFE C282Y and H63D mutation data were available. Participants were also asked, "Has a doctor ever told you that you have 1) too much iron in your body, iron overload, or hemochromatosis or 2) diabetes?" Self-reports of diabetes were not confirmed by medical record review, obtaining information on participant use of diabetes medications, or measuring blood or serum levels of glucose or A1C. All TfSat and serum ferritin concentration measurements and HFE mutation analyses were performed at the Central Laboratory (located at Fairview-University Medical Center, Minneapolis, MN) except TfSat testing of London Health Sciences Centre participants (performed by MDS Laboratory Services, Toronto, Canada, using an identical method) (12, 15, 16) . The interlaboratory correlation coefficient of original participant values and blind replicates was 0.98. Participants without C282Y or H63D are designated as having the HFE wild-type genotype (wt/wt).
Statistical methods
Statistical analyses were performed using SAS (version 9.0; SAS Institute, Cary, NC). Serum ferritin concentration data are displayed as antilogs of mean log etransformed serum ferritin concentration. Participants who reported having diabetes were compared with all available participants who did not report having diabetes. Logistic regression modeling was used to determine whether log e serum ferritin concentration was an independent predictor of diabetes and to test the hypothesis that the prevalence of diabetes increases with increasing serum ferritin concentration. The model included age, sex, racial/ethnic group, HFE genotype, and field center. Adjusted proportions and least square means were compared through regression modeling. Age was recorded as a discrete variable with categories for each 5 years from 25 to 90 and a single category for participants Ն90 years of age. A value of P Ͻ 0.05 was defined as significant.
RESULTS -The prevalence of diabetes was lower in women than in men (odds ratio [OR] 0.882 [95% CI 0.849 -0.914], P Ͻ 0.0001) ( Table 1) . When each decade increment for participants aged Յ60 years was compared with the others, the prevalences of diabetes were different (P Ͻ 0.0001); there was no difference between 60-to 69-year-old and Ն70-year-old participants. The prevalence of diabetes was greatest in Pacific Islanders (P Ͻ 0.0001). The prevalences of diabetes in white and Asian participants were similar but were lower than those in other racial/ethnic groups (P Ͻ 0.0001).
The highest (15.81%) and lowest (8.69%) prevalences of diabetes across all racial/ethnic groups were reported by participants at the Howard University and London, Ontario, field centers, respectively. The highest prevalences of diabetes in Pacific Islanders and Hispanics were reported by participants at the California field center (29.63 and 17.45%, respectively). The highest prevalences of diabetes in Asians (14.81%) and blacks (23.17%) were reported by participants at the Oregon/Hawaii field centers. The highest prevalence of diabetes in NativeAmerican participants was observed at the London, Ontario, field center (18.68%). Whites at the Alabama field center reported the highest prevalence of diabetes (13.45%) among all whites.
The prevalences of hemochromatosis or iron overload reported by all participants and for whites who also reported having diabetes were 2.01 and 2.2%, respectively. There were no significant differences between men (2.18%) and women (1.89%) or among the various racial/ethnic groups except between Hispanics and whites (P ϭ 0.0108). None of the 102 Native-American participants who reported having diabetes also reported having hemochromatosis or iron overload. The overall age effect for the prevalence of hemochromatosis or iron overload was not significant (P ϭ 0.06).
Native-American men with selfreported diabetes had significantly greater mean serum ferritin concentrations than those without self-reported diabetes (Table 2). Asian men who reported that they had diabetes had significantly lower mean serum ferritin concentrations than those without self-reported diabetes (Table 2 ). In women, however, the mean serum ferritin concentration was significantly greater in those with self-reported diabetes than in those without self-reported diabetes. This characteristic was observed across all racial/ethnic groups ( Table 2) .
Mean TfSat values were significantly lower in participants with self-reported diabetes than in those without selfreported diabetes. This characteristic was observed in white, black, and Asian men and women and in Hispanic men ( Table 2) .
The odds of men and women in the various racial/ethnic groups having diabetes with increasing serum ferritin concentrations are displayed in Fig. 1 . In an analysis using serum ferritin concentration quintiles, there was a significant interaction for the overall serum ferritin concentration effect among different race/ ethnic groups compared with whites for women (P ϭ 0.0185) but not men (P ϭ 0.0986). There was a significant increasing linear relationship effect of serum ferritin concentration in white (P Ͻ 0.0001, OR 1.26), Asian (P Ͻ 0.0001, 1.37), black (P Ͻ 0.0001, 1.25), and Hispanic (P Ͻ 0.0001, 1.34) women and in white (P ϭ 0.0002, 1.12), black (P ϭ 0.0068, 1.13), and Hispanic (P ϭ 0.0003, 1.30) men. Logistic regression analyses were conducted to assess the interaction between serum ferritin concentration and Tfsat. For a fixed log e serum ferritin concentration, the risk of having diabetes decreases as the TfSat increases. However, the higher the log e serum ferritin concentration, the less the increase in risk of diabetes is due to lower levels of TfSat.
Frequencies of HFE genotypes were similar in participants with or without self-reported diabetes when data were stratified by race/ethnicity. The overall HFE C282Y and H63D frequencies among participants stratified by race/ ethnicity are reported elsewhere (12) . In all genotype categories, men had higher mean serum ferritin concentration than women. Across all HFE genotypes, mean serum ferritin concentration was similar in men with and without self-reported diabetes. Mean serum ferritin concentration values were greater (P Ͻ 0.0001) in women with diabetes than in women without diabetes for all HFE genotypes except C282Y/C282Y and C282Y/H63D. Women who had diabetes and C282Y/ C282Y had lower mean serum ferritin concentrations than women who had C282Y/C282Y and no diabetes (P ϭ 0.0051). In women with HFE C282Y/ H63D, mean serum ferritin concentration values were similar in those with and without diabetes. Additional analyses were conducted to determine that HFE genotype had no effect on the proportion of self-reported diabetes. Similarly, the interaction between iron overload and HFE genotype was also a nonsignificant predictor. TfSat was significantly associated with reported diabetes but in a direction opposite of log e serum ferritin concentration. An increase in TfSat decreased the odds of self-reported diabetes.
In a multivariate logistic regression model that adjusted for age, sex, racial/ ethnic group, HFE genotype, and field center, the log e serum ferritin concentration was an independent predictor of diabetes (OR 1.24 [95% CI 1.2-1.3], P Ͻ 0.0001).
CONCLUSIONS -This is the largest study of multiple racial/ethnic groups to evaluate the associations of self-reported diabetes with serum ferritin concentration, TfSat, and HFE C282Y and H63D mutations. The overall prevalences of selfreported diabetes in HEIRS study participants were 13.80 and 7.9% in the Behavioral Risk Factor Surveillance System (BRFSS), a telephone survey of 195,005 white, black, and Hispanic adults Ն18 years of age (17) . The two studies asked their respective participants similar questions about diabetes (15) . The prevalence of diabetes in blacks was 17.48% in the HEIRS study and 11.2% in the BRFSS study (17) . In the HEIRS study, prevalences of diabetes were similar in all racial/ethnic participants combined from Alabama, California, and District of Columbia field centers (15.79, 15.54, and 15.81%, respectively). In the BFRSS study, the highest prevalence of diabetes was observed in Alabama residents (10.5%) (17) . Prevalences of diabetes in the HEIRS study are generally higher than those in the BRFSS study (17) . This result could be explained by higher prevalences of diabetes in primary care clinics used for HEIRS study recruitment than in the population evaluated by the BRFSS study. In a pilot study of iron status and glycemic control among men attending the Veterans Affairs Primary Care Clinics in Jackson, Mississippi, the prevalences of diabetes among black and white participants were 26.7 and 22.7%, respectively (3). The highest prevalence of diabetes in the HEIRS study was observed in Pacific Islanders (20.06%), a racial/ethnic group that was not evaluated by the BRFSS study. In both studies, the prevalence of diabetes increased with age until 70 years in men and women. In the HEIRS study, the prevalence of diabetes was greater in men than in women; in the BRFSS study the highest prevalence of diabetes was observed in women.
In the HEIRS study, serum ferritin concentration was significantly higher in women with diabetes than in those without diabetes across all racial/ethnic groups. Among men, only Native Americans with diabetes had significantly greater mean serum ferritin concentration than men without diabetes. Asian men with diabetes had significantly lower mean serum ferritin concentration than Asian men without diabetes. Thus, Asian men are an exception to the relationship between serum ferritin concentration and diabetes observed in other groups. The probability of having diabetes also increased significantly with an increase in log e serum ferritin concentration for racial/ethnic groups except Pacific Islanders and Native Americans. In the National Health and Nutrition Examination Survey III (NHANES III) study, greater serum ferritin concentration was associated with increased diabetes risk in white men and women but not in blacks or Hispanics (1) . In other studies, greater serum ferritin concentration was associated with diabetes in whites and blacks (3), Chinese, Malays, and Asian Indians (18) and Koreans (19) . In Singapore Asians (18), mean serum ferritin concentration was significantly greater in men and women with diabetes than in nondiabetic control subjects. This result differs from observations of Asians in the present study. Other investigators observed that a relationship exists between serum ferritin concentration and insulin resistance in Chinese women but not men (20) . In longitudinal studies, increased serum ferritin concentration predicted the development of diabetes in Finnish men (5) and in American white and nonwhite women (6) . Serum ferritin concentration is related directly to body iron stores in healthy individuals. Serum ferritin is also an acute-phase protein, levels of which are often increased out of proportion to body iron stores during inflammation. However, determining the relationship of serum ferritin concentration to inflammation was beyond the scope of the HEIRS study. In the NHANES III study (1) and the Nurses' Health Study (6) , the positive association of increased serum ferritin concentration and risk of developing diabetes was not changed significantly by cohort adjustment for inflammation by including serum C-reactive protein levels in the multivariate statistical model. This finding suggests that the relationship of serum ferritin concentration to diabetes (or to risk of developing diabetes) is unrelated to serum ferritin concentration elevation due to inflammation.
In the HEIRS study, mean TfSat was lower in many participant groups who reported having diabetes than in those without self-reported diabetes. Other investigators have reported that TfSat values were not elevated in patients with newly diagnosed diabetes (1) . In a retrospective study, elevated TfSat was not associated with the development of diabetes (21) . In contrast, the prevalence of elevated TfSat was higher in individuals with diabetes than the prevalence of elevated TfSat in historical control subjects and was independently associated with male sex (22) .
Among HEIRS study participants, 2.07% of those who reported having diabetes also reported that they had hemochromatosis or iron overload. Among whites who reported having diabetes, 2.21% also reported that they had hemochromatosis or iron overload. The prevalences of hemochromatosis or iron overload in HEIRS study participants with self-reported diabetes are similar to those previously reported (7) .
The HEIRS study is among the few large cohorts that has investigated the association of HFE mutations with diabetes in racial/ethnic groups other than whites (12) (13) (14) . A significant association of selfreported diabetes and HFE C282Y or H63D stratified by race/ethnicity was not observed in the present study; this finding is consistent with the results of some (12) (13) (14) but not all studies (11) . Although HFE mutations are often associated with increased serum ferritin concentration and TfSat values (12) , mean serum ferritin concentration was similar in men with or without self-reported diabetes across all HFE genotypes. Serum ferritin concentration values were significantly greater in women with diabetes than in those without diabetes for HFE genotypes other than C282Y/C282Y and C282Y/H63D. Thus, HFE mutations may contribute to elevated serum ferritin concentration and TfSat values, but the HFE mutations are not associated with diabetes.
Obesity and mean BMI are risk factors for diabetes (17) . In whites with HFE wt/ wt, age-adjusted BMI was positively correlated with serum ferritin concentration and negatively correlated with TfSat (23). Height and weight measurements were not obtained at the time of initial HEIRS study screening (12, 15) , thus precluding analyses to determine whether greater mean BMI in HEIRS study participants could partly account for the association of mean serum ferritin concentration with diabetes in some of the racial/ethnic groups. However, in the NHANES III study (1) and the Nurses' Health Study (6) , the relationship between serum ferritin concentration and risk of developing diabetes remained significant after adjustment for BMI.
We conclude that higher mean serum ferritin concentration is significantly associated with self-reported diabetes in the six racial/ethnic groups evaluated in the HEIRS study. In contrast, there is a significant negative association of TfSat with diabetes. The association of serum ferritin concentration with self-reported diabetes is most consistent among women. The significant associations of serum ferritin concentration with self-reported diabetes in Native Americans and Pacific Islanders defined herein extend observations regarding the relationships of serum ferritin concentration and diabetes established in other racial/ethnic groups. The assessment of diabetes by self-report is a possible limitation of the present study. However, self-reporting probably creates a bias toward underestimating diabetes because diabetes in approximately onethird of individuals who have it is undiagnosed (24) . Moreover, our results are consistent with those from longitudinal studies indicating that serum ferritin concentration is significantly associated with diabetes, even at serum ferritin concentration levels less than those typically associated with hemochromatosis or iron overload.
